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ABSTRACT 

We identify the fading X-ray afterglow of GRB 00 1025 A from XMM-Newton 
observations obtained 1.9-2.3 days, 2 years, and 2.5 years after the burst. The 
non-detection of an optical counterpart to an upper limit of R = 25.5, 1.20 days 
after the burst, makes GRB 001025A a "dark" burst. Based on the X-ray af- 
(Nj [ terglow spectral properties of GRB 001025A, we argue that some bursts appear 
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optically dark because their afterglow is faint and their cooling frequency is close 
to the X-ray band. This interpretation is applicable to several of the few other 
dark bursts where the X-ray spectral index has been measured. The X-ray af- 
terglow flux of GRB 001025A is an order of magnitude lower than for typical 
long-duration gamma-ray bursts. The spectrum of the X-ray afterglow can be 
fitted with an absorbed synchrotron emission model, an absorbed thermal plasma 
model, or a combination thereof. For the latter, an extrapolation to optical wave- 
lengths can be reconciled with the i?-band upper limit on the afterglow, without 
invoking any optical circumburst absorption, provided the cooling frequency is 
close to the X-ray band. Alternatively, if the X-ray afterglow is due to syn- 
chrotron emission only, seven magnitudes of extinction in the observed i?-band is 
required to meet the i?-band upper limit, making GRB 00 1025 A much more ob- 
scured than bursts with detected optical afterglows. Based on the column density 
of X-ray absorbing circumburst matter, an SMC gas-to-dust ratio is insufficient 
to produce this amount of extinction. The X-ray tail of the prompt emission en- 
ters a steep temporal decay excluding that the tail of the prompt emission is the 
onset of the afterglow. To within the astrometric uncertainty, this afterglow was 
coincident with an extended object, seen in a deep VLT i?-band image, which 
we identify as the likely host galaxy of GRB 001025A. 

Subject headings: gamma rays: bursts — X-rays: general 

1. INTRODUCTION 

One of the enduring mysteries of cosmic gamma-ray bursts (GRBs) is that of the so- 
called "dark" bursts - those with no detected optical or near-infrared afterglows. In the 
fireball model of GRBs (for a review, see Meszaros 2002), an explosive event produces a 
relativistically expanding blast wave. Internal shocks within the blast wave are the source of 
the high energy prompt emission while afterglows arise from external shocks when the blast 
wave run into an interstellar medium. 

GRBs may be divided into "long-duration" and "short-duration" categories; no unam- 
bigous detection of an optical afterglow has yet been made for any short- duration event 
(e.g. Bloom et al. 2005; Hjorth et al. 2005; Gorosabel et al. 2002; Hurley et al. 2002) and 
only in one case has an X-ray afterglow been detected (Gehrels et al. 2005). On the other 
hand, virtually all of the long-duration bursts display fading soft X-ray afterglows (e.g. Costa 
1999; De Pasquale et al. 2003), and they have been shown to be associated with supernova 
explosions (Hjorth et al. 2003b; Stanek et al. 2003; Malesani et al. 2004). 
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For more than half of the long-duration GRBs no optical and/or radio afterglow has 
been detected (e.g. Fynbo et al. 2001; Lazzati et al. 2002; Berger et al. 2002); however, rapid 
and systematic follow-up of bursts has decreased the relative fraction of dark bursts in recent 
years (Rol et al. 2005; Berger et al. 2005). Recently, Jakobsson et al. (2004) suggested using 
the value of the optical-to- X-ray spectral index as a diagnostic for early identification of 
dark bursts, and they found five dark bursts (including GRB 001025A) in their sample of 
52 bursts. 

There are several possible explanations for dark bursts (Fynbo et al. 2001). They could 
be at very high redshifts (Lamb & Reichart 2000), or they could be heavily obscured by dust 
in their host galaxies (e.g. Groot et al. 1998; Taylor et al. 1998; Reichart & Price 2002). They 
could also occur in regions where the surrounding medium is tenuous, far from the centers 
of their host galaxies, where the strong shocks required for particle acceleration could not 
form (Kumar & Panaitescu 2000). 

Observations of bursts detected by the BeppoSAX, the High Energy Transient Explorer, 
and the Rossi X-ray Timing Explorer spacecrafts have indeed shown that bursts can be 
dark for a variety of reasons. Some bursts seem in fact to be dark due to extinction, e.g. 
GRB 000210 (Piro et al. 2002), GRB 970828 (Djorgovski et al. 2001), and GRB 001109 
(Castro Ceron et al. 2004). Other bursts have faint optical afterglows either because of 
moderately high redshift, e.g., GRB 020124 (Hjorth et al. 2003a; Berger et al. 2002), or 
because they are intrinsically faint without extinction, e.g. GRB 980613 (Hjorth et al. 2002) 
and GRB 021211 (Crew et al. 2003). Analysis of bursts detected by Swift will undoubtly shed 
more light on the nature of dark bursts. Already now it has become evident that afterglows 
of bursts detected by Swift on average are fainter than afterglows from bursts detected by 
previous instruments (1.7 magnitudes in the optical/near-infrared (Berger et al., 2005) and a 
factor three in X-rays Jakobsson, 2005). The rapid fading of some Swift bursts demonstrates 
that at least these become intrinsically faint after the first few hundred seconds (Tagliaferri 
et al. 2003). 

Here we examine the case of the dark burst GRB 001025A. We report on our temporal 
and spectral analysis of the prompt emission, on our very deep optical upper limits on the 
afterglow, and on the results of our temporal and spectral analysis of the X-ray afterglow. 
Finally, we discuss the nature of GRB 001025A within the framework of the fireball model, 
and the implications for dark bursts in general. 
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2. 



OBSERVATIONS 



2.1. GRB 001025A Prompt Emission 



GRB 001025A was first reported as an event detected by the Rossi X-Ray Transient 
Explorer (RXTE) All Sky Monitor (ASM) at 11405 s UT October 25, 2000 (Smith et al. 
2000). Its duration in the ASM 1.5-12 keV energy band was ~15 s, and its peak flux was ~ 
4 Crab (10 _7 erg cm~ 2 s _1 ) in the 5-12 keV band. The event was detected by a single camera 
and localized to a 4' x 1?6 error box. It was also observed by Ulysses, the X-Ray/Gamma- 
Ray Spectrometer (XGRS) aboard the Near Earth Asteroid Rendezvous mission (NEAR), 
and Wind (Konus experiment) in the Interplanetary Network (IPN), and triangulated to a 
preliminary 5.6' wide annulus which crossed the ASM error box to form a 25 arcminute 2 
error box (Hurley, Cline k Smith 2000; Hurley 2000). 

We have used the final Ulysses, NEAR, and Wind-Komxs data to obtain a refined IPN 
error box for this burst. The Ulysses - Konus annulus is centered at R.A.(2000)= 169?8656, 
decl.(2000) = -56?6466, and has a radius of 53?5052 ± 0?0073 (3a). The Ulysses - NEAR 
annulus is centered at R.A.(2000) = 145?4502, decl.(2000)= -36?9464, and has a radius of 
27?9969 ± 0?0275 (3<r). The intersection of these annuli defines a 96 arcminute 2 error box. 
However, the intersection of the Ulysses-Koims annulus with the ASM error box defines a 
3.3 arcminute 2 error box, whose coordinates are given in Table 1. The combined ASM-IPN 
error box is shown in Figure 5. 

The ASM, Konus, and XGRS lightcurves are shown in Figure 1. With a T 90 duration 
of 2.9 s (i.e., the time to accumulate between 5% and 95% of the photons) in the 50-200 keV 
energy range, this burst falls into the "long-duration" category. Figure 1 shows the lightcurve 
in several energy ranges, and indicates the intervals used for time-resolved spectral analysis. 
This figure also shows the hardness ratio as a function of time. A hard-to-soft evolution, 
which is often observed in GRBs (e.g. Preece et al. 1998), is evident. The energy spectra are 
presented in Figure 2. The Band (Band et al. 1993) model, which consists of two smoothly 
joined power laws, was used to perform spectral fits. The Band function is: 



This yields a peak energy in the range E ~ 85 — 140 keV during the burst (see Table 2). 
The 15-2000 keV peak flux of this burst was 3.3 x 10~ 5 erg cm" 2 s _1 over 0.048 s, and the 
15-2000 keV fluence was 1.3 x 10~ 5 erg cm -2 . Neither the time history, nor the spectrum, nor 
the intensity of this event was exceptional in any way. Atteia (2003) has proposed a simple 
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redshift estimator based on the photon flux, energy spectrum, and duration of a GRB. Using 
this method, we obtain z 0.8, with a statistical uncertainty of about 50%. 

2.2. Afterglow Searches 

In the weeks immediately following GRB 001025A, optical, X-ray, and radio observations 
were carried out in attempts to identify an afterglow. 

An optical afterglow was not identified, either in observations starting 1.16 days after 
the burst (Fynbo et al. 2000, R > 22.5), or in observations starting 1.66 days after the burst 
(Uemura et al. 2000, R > 18.0). 

An XMM-Newton observation ~ 2 days after the burst revealed one apparently fading 
source (SI, see Figure 5) in the initial ASM/IPN error box (Altieri et al. 2000a). In late-time 
follow-up XMM-Newton observations this source had disappeared, strongly indicating that 
(SI) is the X-ray afterglow of GRB 001025A. 

Radio observations with the Very Large Array (VLA) were carried out at two epochs, 
but they did not reveal any radio afterglow. The first VLA observation took place Novem- 
ber 1, 2000, approximately 6 days after the GRB (D. Frail 2003, private communication). 
Unfortunately, the XMM-Newton attitude was subsequently revised (Altieri et al. 2000b), 
and the refined position of SI was ~ 2' from the initial one. Due to the off-set between 
the VLA pointing and the revised position of SI, the VLA sensitivity at the position of 
SI was relatively low. VLA observations took place again on November 21 and 24, 2000 
(27-30 days after the burst), but given the timescales and sensitivies (~ 200/zJy) most GRB 
radio afterglows would not have been detected. Thus it is not clear whether this burst was 
radio-quiet. 

In the following three sections, we present our analysis and results of optical observations 
and X-ray observations of the GRB 001025A afterglow. 

2.3. Optical Observatons with the VLT 

The field of GRB 00 1025 A was observed at the Very Large Telescope (VLT) equipped 
with the FORS1 camera at three epochs, under photometric and good seeing conditions (see 
Table 3 for details). The first epoch was a few hours after the release of the IPN error box 
(Hurley et al. 2000), the second epoch was 24 hours later, and the final epoch was 5 months 
later. 
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By comparing the combined i?-band images of the three epochs we find no transient 
sources in the IPN error box and in particular near the XMM-Newton error circle of SI to a 
3<T detection limit of R = 25.5. Figure 3 shows a 12x12 arcsec 2 section of the last epoch VLT 
image with the XMM-Newton 2a error circle overplotted. The 2a error circle is consistent 
with the eastern part of what seems to be either a galaxy with two main components or a 
random projection of two unrelated objects. Following Piro et al. (2002), we estimate that 
the probability for a chance alignment is less than 1%, so we consider this object the likely 
host galaxy of GRB 001025A. The total magnitude of this complex is R = 24.01±0.04 and 
B = 25.13±0.12 (corrected for a modest foreground extinction of E(B — V) = 0.07 ?). 

GRB afterglows display a wide variety of fading behaviors (see Figure 4). Of the pre- 
Swift detected optical afterglows, all but GRB 030115 would have been detected in the VLT 
observations. The failure to detect the optical afterglow of GRB 00 1025 A is thus not because 
our observations are less sensitive than studies of other detected GRB afterglows. 

2.4. X-ray Observations with XMM-Newton 

XMM-Newton carried out observations of the region around the error box at three 
different epochs, spanning 1.9-2.3 days, 761.0-761.2 days, and 910.2-910.4 days after the 
GRB (see Table 4). The XMM-Newton target of opportunity observation ~ 2 days after the 
burst revealed at least four X-ray sources in the initial ASM/IPN error box (Altieri et al. 
2000a), one of which (SI) appeared to be fading. As shown in Figure 5, only SI is in the final 
ASM/IPN error box. This, along with marginal evidence for a fading behavior (see Section 4 
below, and Watson et al. 2002), suggested that it was the X-ray afterglow of GRB 001025A. 
In order to determine with certainty whether SI was indeed the fading afterglow (as opposed 
to a random, variable X-ray source such as an active galactic nucleus), we carried out a follow- 
up XMM-Newton observation. This observation started on November 25, 2002, but had to 
be terminated because of high background radiation; it was completed on April 23, 2003. 

The first observation has already been reported on in Watson et al. (2002), but for the 
analysis presented here, we have made two improvements: we have omitted data taken during 
periods with high background, and we have analyzed data from the second and third epochs 
as well. The effective EPIC pn exposure times of the three XMM-Newton observations, after 
screening out high background intervals, are 15 ks, 9 ks, and 18 ks respectively. 

The data were processed and analysed with SAS version 5.4.1 and XSPEC version 
11.3. Periods with flares were identified based on the 10-12 keV lightcurve of the full EPIC 
detector and events registered during these periods (where the pn count rate was above 1.5 
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counts/s, and where the MOS count rate was above 0.25 counts/s) were filtered out. For the 
pn detector, single and double events were included in the analysis and the two exposures 
taken in the first epoch were co-added. For the MOS detectors, single, double, triple, and 
quadruple events were included in the analysis and the two MOS data sets for each epoch 
were co-added, pn events in the energy interval 0.3-9 keV and MOS events in the energy 
interval 0.4-7 keV were included in the analysis. Spectra and lightcurves of sources were 
extracted using a circular aperture of radius 18". Background events were extracted from an 
annulus centered on the source in question with an inner radius of 18" and an outer radius 
of 50". The background regions are entirely on the same chip as the relevant sources, and 
they do not include other contaminating sources. 

Below we present results from our analysis of the XMM-Newton images, lightcurves, 
and spectra of the GRB 00 1025 A X-ray afterglow. 

2.4-1- Imaging 

In the first epoch observation two sources were detected, SI R. A. (2000)= 8 /l 36 m 35!93, 
decl.(2000)= -13°04'10"82, ±0"3), and S2, in and in the vicinity of the final ASM/IPN error 
box, respectively (see Figure 5). Over the first XMM-Newton observation 264 net counts 
(0.3-12 keV) were detected for source SI by the pn detector, corresponding to a flux of 
(6.4 ± 0.2) x 10~ 14 erg cm~ 2 s _1 . For source S2, 78 net counts (0.3-12 keV) were detected, 
corresponding to a flux of (2.0 ± 0.4) x 10~ 14 erg cm~ 2 s _1 . By the time of the second epoch 
observation, SI had faded beyond detection (/x(0.3-12 keV)< 6 x 10~ 15 erg cm~ 2 s _1 ) while 
the flux of S2 was consistent with that of the first epoch. In the third epoch observation 
SI was still undetectable (/x(0.3-12 keV)< 5 x 10~ 15 erg cm~ 2 s _1 ) and the flux of S2 was 
consistent with the flux at the first two epochs. Hence, source S2 is persistent over several 
years, displaying flux variations less than about 25% from epoch to epoch. S2 is coincident 
with an R ~ 20 optical source which based on a spectrum obtained with the Nordic Optical 
Telescope seems to be a QSO at redshift z ps 2.5 (M. I. Andersen, private communication). 

2.4-2. Lightcurve 

The pn lightcurve for SI is well fitted by a power law with decay index 5x = —1.6 ±0.35 
(x 2 = 4.80 for 8 d.o.f., 0.3-12 keV). This is somewhat lower than, but consistent with, the 
steep decay index 5 X = —3.0 ± 1.9 derived by Watson et al. (2002). The data quality of the 
corresponding co-added MOS1+2 lightcurve does not allow us to further constrain the fading 
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of SI. The decay of SI is typical of X-ray afterglows having a decay index of 5x ~ —1-4 
(Piro 2001). By extrapolating the best-fit pn lightcurve we predict the total number of 
counts in the second and third epoch XMM-Newton observations from SI to be 0.04 counts 
and 0.02 counts, respectively (i.e., well below detectability). Hence, the second and third 
epoch observations establish that SI is a non-persistent source; hence we identify SI as the 
X-ray afterglow of GRB 001025A. 

In order to compare the X-ray afterglow to the prompt X-ray emission as observed by 
the RXTE ASM we extracted the pn 1.5-12 keV lightcurve. A power law fit to the 1.5- 
12 keV light curve is not well constrained (decay index ~ —1). Hence, we extrapolated 
the best fit power law to the 0.3-12 keV light curve (renormalized to the 1.5-12 keV flux 
level) to the prompt emission phase. This extrapolation reproduces the RXTE ASM flux 
within the uncertainties (see Figure 6). However, fitting a power law to the fading of the 
prompt emission in the 1.5-12 keV band yields a steep power law (decay index —3.1 ± 0.4) 
underestimating the pn data points. Such a steep decay has been reported in several early 
X-ray afterglows observed with the Swift X-ray Telescope (Tagliaferri et al. 2003). It is 
not possible to fit a power law decay jointly to the fading prompt emission and the X- 
ray afterglow. The X-ray afterglow observed by XMM-Newton is therefore not a simple 
continuation of the prompt emission. 



2.4-3. Spectral Analysis 

Spectra of SI were extracted from the first epoch observations and binned with a mini- 
mum of 20 counts per bin. Several spectral models were fitted to the pn and MOS1+2 spectra 
simultaneously: (i) power law models, representing synchrotron emission from a population 
of relativistic electrons in the fireball (Sari, Piran & Narayan 1998), (ii) thermal plasma 
emission giving rise to X-ray emission lines as seen in several other GRB afterglows (Reeves 
et al. 2002; Watson et al. 2003) (the MEKAL model as is typically used to represent thermal 
emission Mewe et al. 1985; Liedahl, Osterheld & Goldstein 1995), and (iii) combinations of 
(i) and (ii). In all models Galactic absorption was included, and additional absorption at the 
burst redshift was included in some of the models. A summary of the spectral fits is given 
in Tables 5,6,7 with errors quoted as 90% confidence intervals. 

An absorbed synchrotron model is an acceptable fit to the spectrum (see Table 5), but 
the best-fit photon index is rather steep (r ~ 2.8, consistent with the findings of Watson et al. 
2002). The Galactic H I column density in the direction of GRB 001025A is 6.1 x 10 20 cm" 2 
and can in worst case be uncertain by up to 50% (Dickey & Lockman 1990). Power law 
models indicate absorption in excess of Galactic absorption, but the column density of extra- 
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galactic absorbing material is not strongly constrained. In this model the burst redshift is 
unconstrained. 

An absorbed thermal plasma model (MEKAL) is as good a fit as the absorbed syn- 
chrotron emission model (see Table 6) and implies a plasma temperature around 3 keV and 
a burst redshift around z ~ 0.3. Watson et al. (2002) favor a redshift in the range 0.5-1.2 
from their MEKAL model fits, and we note that the thermal plasma could be outflowing 
resulting in a host galaxy redshift lower by Az ~ 0.1 (e.g. Reeves et al. 2002). Hence, ther- 
mal emission models do not provide strong constraints on the burst redshift. The absorbing 
column density at the burst redshift is at most twice the Galactic column density. The 
plasma abundances are not well constrained, but they are consistent with the solar values 
(Z Fe <2Z Q , Z s , Sl <13Z Q ). 

Naturally, a model with a combination of a synchrotron emission component and a 
thermal emission component (see Figure 7) is also a good fit (see Table 7). The relative 
normalization of the synchrotron emission component and the thermal emission component 
is not well constrained, but the synchrotron emission component contributes ~ 2/3 of the 
total flux and above ~ 2 keV the synchrotron emission component dominates. The best-fit 
photon index is lower than in the pure synchrotron emission model fits (r ~ 1.8), but close 
to typical photon indices for X-ray afterglows (Piro 2001). The favored burst redshift is 
z ~ 2, and there is an indication of circumburst absorbtion (Njj ~ 10 — 20 x 10 21 cm -2 ). 
The abundances of the thermal plasma are not well constrained, but they are consistent with 
the solar values (Z FejS ,si < 6Z ). 

In conclusion, an absorbed synchrotron model, an absorbed thermal plasma model, and 
a combination of the two all represent a good fit to the data. Consequently, we consider all 
these models in the following. 

2.5. Spectral Energy Distribution 

We derived the broadband spectral energy distribution by extrapolating the best-fit X- 
ray spectral models to the optical band. We used the X-ray decay index 8x = —1.6 to recast 
the X-ray spectrum to the epoch of the first i?-band observations (1.20 days after the burst). 
For the synchrotron emission model (spectral index fix = 1-8) an observed i?-band extinction 
of at least 7 magnitudes is required to bring the model in agreement with the i?-band upper 
limit (see Figure 8). On the other hand, extrapolating the synchrotron emission component 
from the best-fit combined synchrotron emission/thermal emission model (spectral index 
Px = 0.8) to the i?-band shows that the i?-band upper limit is consistent with the model, if 
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the cooling break is close to the X-ray band. 

3. DISCUSSION 

The spectral index of the (X-ray) afterglow is a key parameter for constraining the 
properties of the burst and its environment. The pure synchrotron emission fit to the 
GRB 00 1025 A X-ray afterglow has a very steep spectral index for a GRB X-ray afterglow. 
On the other hand, the synchrotron component of the combined thermal plasma/synchrotron 
model has a spectral index in line with what is found for other GRBs (Piro 2001). Detec- 
tion of thermal afterglow emission has been reported in several other GRBs (see Watson et 
al. 2003, for an account of GRBs with thermal emission) increasing the soft X-ray flux in 
the ~ 0.5 — 2 keV range. One of the most prominent claims of thermal emission is in the 
GRB 011211 X-ray afterglow where thermal emission is detected during the first 5 ks of the 
XMM-Newton observation (Reeves et al. 2002). We investigated the effect on the spectral in- 
dex of fitting an absorbed synchrotron model to a spectrum with thermal emission by fitting 
an absorbed synchrotron emission model to the first 5 ks of the GRB 011211 XMM-Newton 
spectrum. We obtain a spectral index of 1.6 ± 0.3; this is very similar to the spectral index 
{fix = 1-8 ± 0.3) we find fitting the same model to GRB 001025A. The steep spectral index 
of a pure synchrotron emission fit to GRB 00 1025 A compared to the shallower index from a 
synchrotron emission plus thermal emission fit thus suggests that thermal emission may be 
steepening the X-ray afterglow spectrum of GRB 00 1025 A. 

Due to the different best fit spectral indices of the synchrotron emission in the pure 
synchroton model and in the combined thermal plasma/synchrotron model, these two models 
have quite different implications for the deduced properties of the GRB 001025A fireball and 
its environment. 



3.1. Physics of the Fireball 

The prompt soft X-ray emission has a steep decay as seen in the tails of other GRBs 
(Smith et al. 2002; Giblin et al. 2002). Observations with the Swift XRT has revealed a 
population of bursts with an early steep decay and a shallower late time decay (Tagliaferri 
et al. 2003) similar to the behavior of GRB 001025A. 

Several models predicts an early steep X-ray decay, including a hot cocoon surrounding 
a relativistic jet (Ramirez- Ruiz et al. 2002), emission from outside the relativistic beaming 
cone, 9 > T" 1 , (Kumar & Panaitescu 2000), and a single spherical shell emitting instanta- 
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neously (Fenimore et al. 1996). The steepness of the prompt emission decay excludes that 
the tail of the prompt emission is the onset of the afterglow (Sari, Piran & Narayan 1998). 
However, the afterglow could appear at any time > 16 s after the burst at which epoch the 
GRB 001025A afterglow is expected to be below the sensitivity of RXTE ASM. 

The X-ray afterglow has a steep spectral index, if it is due to synchrotron emission 
only. The standard fireball model predicts in this case a temporal decay index of —2.2 ± 
0.45 to —3.2 ± 0.45 for a spherical blast wave and an index of —3.6 ± 0.6 to —4.6 ± 0.6 for 
a jet (Zhang & Meszaros 2004). This is steeper than observed (Sx = —1.6 ± 0.35), but only 
the jet model can be ruled out. If the X-ray afterglow is due to a combination of thermal 
plasma and synchrotron emission, the fireball model predicts a shallower afterglow decay 
index of the synchrotron component (index —0.4 ± 0.3 to —1.7 ± 0.9 for a spherical blast 
wave, index —1.9 ±0.3 to — 2.6 ± 1.2 for a jet, Zhang & Meszaros 2004) more in line with the 
X-ray lightcurve. In this case models where the X-ray afterglow originates from fast cooling 
are ruled out. 



3.2. Burst Redshift and Luminosity 

In the combined synchroton/thermal plasma spectral model of the X-ray afterglow, 
the suggested burst redshift is z « 2. This yields an isotropic prompt energy release of 
1.5 x 10 53 erg (for a H = 72 km/s/Mpc, Q m = 0.3, Q A = 0.7 cosmology) which is quite 
typical (e.g. Bloom, Frail & Kulkarni 2003). The isotropic 0.3-12 keV afterglow luminosity 
is Lx = (3.2 ± 2.6) x 10 45 erg/s time-averaged over the first XMM-Newton observation. We 
now compare the X-ray luminosity of GRB 00 1025 A to the luminosities of the GRB sample 
of Berger et al. (2003). We use our derived X-ray afterglow decay index, flux and spectral 
index to calculate the isotropic luminosity (Lx,i SO , eq. (1) in Berger et al. 2003, using their 
cosmology) of GRB 001025A 10 hours after the burst. In the combined synchrotron/thermal 
plasma model with a burst redshift z = 2, we find L x ,i SO = (2.4 ± 1.9) x 10 46 erg/s. This 
is close to the typical X-ray afterglow luminosity at this epoch for the Berger et al. (2003) 
burst sample. However, in that sample, redshifts are not known for most of the bursts, in 
which case the luminosity has been derived assuming a redshift of z — 1.1. If GRB 001025A 
is at a redshift of z — 1.1 its isotropic luminosity is Lx,iso = (3.5 ± 2.5) x 10 45 erg/s which is 
in the low tail of the Berger et al. (2003) X-ray luminosity distribution. If the burst redshift 
is z = 0.33, as predicted in the thermal plasma only model, the luminosity of GRB 001025A 
Lx,iso = (2.3 ± 1.5) x 10 44 erg/s is lower than all GRBs in the Berger et al. (2003) sample. 

The 5-band detection of the likely host galaxy implies a redshift z < 2.7. The magnitude 
and color of the galaxy are consistent with a redshift around two, but they do not constitute 
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strong constraints on the redshift. 

The pseudo-redshift estimate (Atteia 2003) for this burst z = 0.8 ± 0.4, and although 
not strongly constraining, this is in line with the lower redshift derived from the thermal 
emission models of the X-ray afterglow. 

3.3. The Burst Environment 

The appearance of the candidate host galaxy is similar to other GRB hosts, i.e., an 
irregular morphology and a color that for a redshift of z > 0.3 is indicative of active star 
formation. From the absorbing column density in the soft X-ray band, the extinction towards 
the burst can be estimated by assuming a gas-to-dust ratio. The best-fit column densities 
at the burst redshift are N H < 20 x 10 21 cm~ 2 . Taking a Galactic gas-to-dust ratio (Predehl 
& Schmitt 1995), this translates into a restframe extinction of Ay < 11 for z < 2. Using 
an SMC gas-to-dust ratio results in Ay < 1, i.e. not enough to account for the extinction 
required in the pure synchrotron model for the X-ray afterglow. A Galactic gas-to-dust ratio 
is at variance with the findings for GRBs with detected optical afterglows generally having 
SMC-like gas-to-dust ratios (Galama & Wijers 2001). Either the pure synchrotron model 
is not appropriate for the GRB 001025A X-ray afterglow or GRB 001025A is much more 
obscured than bursts with detected optical afterglows (typically having Ay < 0.2 Hjorth et 
al. 2003a). 

3.4. What Makes GRB 001025A a Dark Burst? 

The dark bursts in the GRB sample of Jakobsson et al. (2004) (updated as of July 8, 
2005, Jakobsson 2005) has a mean 1.6-10 keV flux of 3.0 x 10" 12 erg cm" 2 s' 1 11 hours 
after the burst. Extrapolating the best-fit X-ray lightcurve of GRB 00 1025 A to this epoch, 
the estimated 1.6-10 keV flux is 5.0 ± 2.7 x 10~ 13 erg cm~ 2 s _1 . The X-ray afterglow of 
GRB 001025A is fainter than any of the dark bursts in the Jakobsson et al. (2004) sample 
and much fainter than the mean of GRBs with detected optical afterglows in this sample 
(4.2 x 10~ 12 erg cm~ 2 s _1 ). 

The low i?-band flux of GRB 001025A is not caused solely by a general faintness of the 
afterglow at all wavelengths. The i?-band-to-3 keV spectral index is < 0.43 so GRB 00 1025 A 
is clearly dark according to the definition of Jakobsson et al. (2004). For GRBs with detected 
optical afterglows, the i?-band-to-3 keV spectral index is 0.73 and for Swift detected bursts 
it is 0.65 (Jakobsson 2005) so the afterglow of GRB 001025A is optically faint relative to 
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the X-ray band. The low optical-to- X-ray spectral index could be due to heavy obscuration 
in the burst environment. Alternatively, the cooling frequency could be close to the X-ray 
band, giving rise to a shallow spectral index requiring no optical obscuration. 

The X-ray spectral index has been measured only for a few dark GRBs. By re- 
normalizing the X-ray spectrum and the optical observations to a common epoch (e.g. 11 h 
after the burst) and extrapolating the X-ray spectral index to the optical band, assuming 
a position of the cooling break, the i?-band flux can be predicted. For three of the five 
GRBs with measured spectral index in the dark GRB sample of De Pasquale et al. (2003) 
(GRB 990704, GRB 990806, GRB 000214) the predicted i?-band flux is lower than the ob- 
servational upper limit, when invoking a cooling break at 1 keV. These three GRBs have 
steep X-ray spectral indices, possibly reflecting the presence of a thermal component on top 
of the synchrotron emission. The true synchrotron spectral index may thus be lower than 
the index obtained from a pure synchrotron emission fit, giving rise to even lower predictions 
for the optical flux. For the remaining two GRBs in the dark GRB sample of De Pasquale 
et al. (2003) (GRB 000210 and GRB 001109) obscuration is required in order to bring the 
observational upper limit in line with the model prediction (or the derived X-ray spectral 
index is too step due to the presence of thermal emission). Two of the bursts detected by 
Swift and with published X-ray spectral index (GRB 050401 and GRB 050408, Chincarini 
et al. 2005) are dark according to the definition of Jakobsson et al. (2004). For both bursts 
obscuration is required in order to be consistent with the upper limit on the i?-band flux, 
even when invoking a cooling break at 1 keV. 



4. CONCLUSIONS 

GRB 001025A was a long-duration GRB with a prompt emission spectrum well fit- 
ted by the Band model. The tail of the prompt soft X-ray emission decays too steeply to 
be the beginning of the afterglow. Three epoch XMM-Newton observations show that the 
GRB 001025A afterglow is X-ray faint. Furthermore, the optical flux is relatively low com- 
pared to the X-ray band. Either (i) the optical afterglow suffers extinction of at least seven 
magnitudes, or (ii) a significant fraction of the X-ray afterglow flux originates from a thermal 
plasma, and the cooling frequency is close to the X-ray band at 1.2 days after the burst. In 
the latter case, we predict that the burst redshift is around two, and we find that the X-ray 
luminosity and the spectral index are fairly typical of GRB afterglows. Alternatively, the 
GRB 001025A X-ray afterglow spectrum is characterized by a very steep synchrotron index, 
and GRB 001025A is situated in an environment with an unusually large gas-to-dust ratio, 
consistent with the Galactic ratio. 
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The present study of GRB 001025A, and the properties of the few other dark GRBs 
with measured spectral index, raises the possibility that some bursts appear optically dark 
because their afterglow is faint, and their cooling frequency is close to the X-ray band. The 
viability of this scenario can be tested from early observations of X-ray afterglows from dark 
GRBs yielding the temporal and spectral behaviour of the X-ray afterglows, which in turn 
constrain the geometry of the blast wave and the underlying physical processes. This would 
provide a crucial test for physical differences between dark bursts and bursts with an optical 
afterglow. 
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Fig. 1. — Lightcurves of GRB 001025A. Plotted from top to bottom are the background 
subtracted lightcurves of RXTE ASM (1.5-12 keV, 1 s resolution), NEAR XGRS (100 keV- 
2 MeV, 1 s resolution), Wind-Konus in three different energy bands (18-70 keV, 70-305 keV, 
305-1150 keV, 0.128 s resolution), and the hardness ratio between the Wind-Konus 70- 
305 keV and 18-70 keV energy bands as function of time. The vertical dotted lines indicate 
the intervals where time-resolved spectroscopy was done, see Fig 2. 
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Fig. 2. — Time-resolved energy spectra of GRB 001025A in uF u units from Wind-Konus. 
Spectral fitting was done using the Band model. The fitting parameters are given in Table 2. 
The time intervals used for the spectral fits are indicated in Figure 1. 
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Fig. 3. — 12 x 12 arcsec 2 VLT i?-band image with the 2a error circle of source SI. North is 
up and East is to the left. 
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Fig. 4. — i?-band magnitudes and upper limits as a function of time for various gamma-ray 
bursts in the pre-Swift era, compared to the observations of GRB 001025A (filled circle). 
The dotted lines sketch the decay of optically dim bursts, starting at the time of the first 
observation. The labels are as follows: (1) GRB 980329, (2) GRB 980613, (3) GRB 000630, 
(4) GRB 020124, (5) GRB 020322, (6) GRB 030115, (7) GRB 021211. 
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Fig. 5. — XMM-Newton co-added pn+MOSl+MOS2 images showing the afterglow, SI, and 
the source S2, with the final RXTE-ASM/IPN error box overlaid, at three epochs: Top: 
1.88 days after the burst. Middle: 761 days after the burst. Bottom: 910 days after the 
burst. See Table 4 for the exposure time of invididual images. 



-23- 




log(t) [Time since 11405 UT (s)] 

Fig. 6. — RXTE ASM and XMM-Newton pn 1.5-12 keV lightcurves with power law fits 
overlaid. Dotted line: Fit to the tail of the RXTE ASM lightcurve. Full line: Fit to XMM- 
Newton pn 0.3-12 keV lightcurve renormalized to the 1.5-12 keV flux level. Dashed lines: 
la envelope of fit to XMM-Newton pn 0.3-12 keV lightcurve renormalized to the 1.5-12 keV 
flux level. 
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Fig. 7. — Top panel: XMM-Newton pn (squares) and MOS1+2 (stars) spectra of the after- 
glow of GRB 001025A with a spectral binning of min. 10 counts per bin. Overplotted is the 
best-fit combined synchrotron/thermal emission model with fixed Galactic absorption and 
absorption at the burst redshift. Lower panel: residuals of model fit. 
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Fig. 8. — The optical to X-ray spectral energy distribution of GRB 001025A 1.20 days after 
the burst. The XMM-Newton pn spectrum recast to this epoch is shown as diamonds (only 
data points above 1.3 keV, where absorption is neglibible), the i?-band upper limit is shown 
as the filled circle. Overlaid is the synchrotron emission component of the best-fit from the 
combined synchrotron emission/thermal emission model (spectral index 0.8, full line) and 
the best-fit synchrotron emission model (spectral index 1.8, dotted line). The extrapolation 
to the optical band assumes that the cooling break is at 1 keV (2140 x 10 14 Hz) and that 
the spectral index changes by —0.5 (Sari, Piran & Narayan 1998) when going to the short 
frequency side of the break. 
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Table I. Corners of the final ASM-IPN Error Box for GRB 001025 A 



R. A. (2000) decl.(2000) 



129?1456 -13?0579 

129?1619 -13?0663 

129?0891 -13?0854 

129? 1054 -13?0938 
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Table 2. Spectral Fits to the Prompt Emission of GRB 001025 A a 



Interval 


Normalization 


a 




Eo 


(s) 


(photons cmT 2 s _1 ) 






(keV) 


0-0.256 


0.26 ±0.1 


+0.81 ± 0.57 


-1.84 ± 0.12 


85 ± 33 


0.256-0.768 


0.37 ±0.04 


-0.39 ± 0.11 


-2.75 ± 0.2 


140 ± 19 


0.768-8.960 


0.03 ±0.1 


-0.99 ± 0.3 


-2.40 ± 0.2 


103 ± 46 


0-0.768 


0.29 ±0.04 


-0.30 ± 0.12 


-2.55 ± 0.16 


148 ± 20 


0-8.960 


0.036 ±0.004 


-0.91 ± 0.1 


-2.40 ± 0.16 


191 ± 37 



a Note: See Eq. 1 for the definition of a, /3, and E . 
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Table 3. Journal of VLT Observations 



UT 


At 


Filter 


Exp. time 


Seeing 




(days) 




(s) 


(arcsec) 


2000 Oct 26.34 


1.21 


R 


12x200 


0.50-0.75 


2000 Oct 27.32 


2.19 


R 


8x200 


0.50-0.75 


2001 Mar 23.02 


146.89 


B 


3x200 


0.45-0.55 


2001 Mar 23.04 


146.91 


R 


10x200 


0.45-0.55 
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Table 4. XMM-Newton Observations of GRB 001025 A 



Date a 


Time since GRB 
(days) 


Instrument 


Exposure time b 
(ks) 


2000 Oct 27.003 c 


1.88 


pn 


15 






MOS 


32 


2002 Nov 25.16 d 


761 


pn 


8.8 






MOS 


8.6 


2003 Apr 23.29° 


910 


pn 


18 






MOS 


19 



a Start of observation 

b Exposure time for each detector used in the analysis, i.e. with high 
background periods left out 

°Target of opportunity observation (Altieri et al. 2000a, b) 

d AO-2 observation 

Continuation of AO-2 observation 
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Table 5. Synchrotron Model Fits to the X-ray Afterglow Spectrum of GRB 00 1025 A 



Model 




Absorption 6 


Redshift c 


X 2 /d.o.f. 






(10 21 cm- 2 ) 






Fixed index, fixed Galactic abs. 


2.0 


0.61 





66.8/33 


Free Galactic abs. 


2.8 ±0.3 


2.6t°oi 





32.6/32 


Fixed Galactic abs, free abs. at z 


2.6 ±0.3 


151? 


< 7.5 


31.3/31 



a Photon index. 

b Column density of absorber at the quoted redshift. 
c Redshift of absorber. 



-31 - 



Table 6. Thermal Emission Model Fits to the X-ray Afterglow Spectrum of GRB 001 025 A 



Model 


T 
(keV) 


Absorption" 
(10 21 cm- 2 ) 


Redshift 6 


xVd.cf. 


Fixed Gal. abs. 
Free Gal. abs. 

Fixed Gal. abs, free abs. at z 


q n+ - 5 

O.U_ 4 

2.8 ±0.4 
2.8 ±0.5 


0.61 

o q +0 - 4 

u - a -0.3 

5 +0 - 7 

u -°-0.5 


0.32 ±0.05 
0.33 ±0.05 
0.33 ±0.05 


36.7/32 
34.1/31 
33.7/31 



a Absorber column density. 

b Common redshift of thermal emission and extra-galactic absorber. 
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Table 7. Combined Synchrotron Model and Thermal Emission Model Fits to the X-ray 

Afterglow Spectrum of GRB 00 1025 A 



Model 




T 
(keV) 


Absorption 6 
(10 21 cm- 2 ) 


Rcdshift c 


rVd.o.f. 


Fixed index, free Gal. abs. 
Fixed Gal. abs. 
Free Gal. abs. 

Fixed Gal. abs, free abs. at z 
Fixed index, free abs. at z 


2.0 

1 2+ 16 

1 Q+0- 6 

1.8 ±0.6 
2.0 


1.5 ±0.6 

1.8 ±0.6 
1.7 ±0.5 


o n + 1.4 
J - u -1.0 

0.61 

O o + l-O 
Z -°-0.7 

11 -6 

17 ±6 


1 98+ ' 13 

1 - yo -0.15 

0.32 ±0.05 

2 00+° 12 
2.00 ±0.13 

2 00+° 12 
z.uu_ 14 


17.9/27 
34.1/29 
18.4/28 
19.6/28 
19.8/29 



a Photon index. 
b Absorber column density. 

c Common redshift of thermal emission and extra-galactic absorber. 



